Silica aerogels have drawn a lot of interest both in science and technology because of their low bulk density (up to 95% of their volume is air), hydrophobicity, low thermal conductivity, high surface area, and optical transparency. Aerogels are synthesized from molecular precursors by sol-gel processing. Special drying techniques must be applied to replace the pore liquid with air while maintaining the solid network. Supercritical drying is most common; however, recently developed methods allow removal of the liquid at atmospheric pressure after chemical modification of the inner surface of the gels, leaving only a porous silica network filled with air. Therefore, by considering the surprising properties of aerogels, the present review addresses synthesis of silica aerogels by the sol-gel method, as well as drying techniques and applications in current industrial development and scientific research.
Introduction
The rapid development of sol-gel techniques during the past two decades has led to fast progress in the deliberate synthesis of porous materials. These techniques complement conventional procedures used for the preparation of amorphous solids or glasses, such as precipitation or impregnation methods followed by high-temperature treatments. Porous materials are of immense importance in various applications such as adsorption, sensing, and catalysis, owing to their high surface area, porosity, adjustable framework, and surface properties. Out of all known solid porous materials, aerogels are particularly known for their small pore size, large specific surface area, and best optical transmission. Further, among all aerogels, silica aerogels have become quite popular because they possess a wide variety of exceptional properties such as low thermal conductivity (∼0.01 W/m.K), high porosity (∼99%), high optical transmission (99%) in the visible region, high specific surface area (1000 m 2 /g), low dielectric constant (∼1.0-2.0), low refractive index (∼1.05), and low sound velocity (100 m/s) [1] [2] [3] [4] .
Before exploring more details regarding silica aerogels, we first provide an overview of the history of aerogel inven-
Synthesis of Aerogel by Sol-Gel Process
Sol-gel processing is a very popular and reliable methodology for the synthesis of materials, especially metal oxides with uniform, small particle sizes, and varied morphologies [5] [6] [7] [8] [9] [10] . It involves the transition of a system from a liquid "sol" into a solid "gel" phase. The sol-gel process can ordinarily be divided into the following steps: forming a solution, gelation, aging, drying, and densification. A few of the important advantages of the sol-gel process are its simplicity, and the fact that it is an economic and effective means of producing high-quality materials. Sol-gel processing has found application in the production of high-quality glasses for optical components and fibers, thin film coatings, and fine oxide powders [11] [12] [13] [14] [15] .
Sol-Gel Process.
Sol-gel processing implies the synthesis of an inorganic network by a chemical reaction in solution at low temperatures or the formation of an amorphous network in opposition to crystallization from the solution. The most obvious feature of this reaction is the transition from a colloidal solution (liquid) into a di-or multiphase gel (solid) that led to the expression "sol-gel process".
The formation of uniform suspensions of colloidal particles can be understood by calculation of the sedimentation rates assuming that the particles are spherical so that Stokes' law can be applied. Sedimentation rate is dx/dt = 4πr 3 /3 ρ − ρ g /6πrη
where η = viscosity of surrounding medium, r = radius of colloid particle, ρ = density of colloid particle material, and ρ = density of surrounding material. More clearly, a sol is a colloidal suspension of the solid particles in a liquid in which the dispersed phase is small (1-1000 nm). Therefore, the gravitational force is negligible and short-range forces, such as van der Waals attraction and surface charges, dominate interactions. The inertia of the dispersed phase is small enough such that it exhibits Brownian motion, a random walk driven by momentum imparted by collision with molecules of the suspending medium. Sol can be prepared by two techniques, condensation and dispersion of particles [16] . Condensation proceeds by nucleation growth of particles to the appropriate size, whereas dispersion involves the reduction of large particles down to the colloidal dimensions. The size and properties of the resulting particles depend on the relative rates of these two processes. Sol formation is favored when the rate of nucleation is high and the rate of crystal growth is low. Depending on the degree of crosslinking and the growth process by which they are formed, the inorganic clusters can be either colloidal or polymeric in nature and can range from 10 to 200Å in diameter. Generation of inorganic sols also requires controlled conditions, such that the resulting sol is stable with respect to agglomeration and precipitation. Several factors, such as polarity of the solvent, ionic strength of the reaction medium, and temperature, can be used to manipulate the formation of the sol.
Gelation is the process whereby a free flowing sol is converted into a 3D solid network enclosing the solvent medium. A gel is a semisolid rich in liquid. It is interesting to note that liquid does not allow the solid network to collapse, and the solid network does not allow the liquid to flow out [17] . The point of gelation is typically identified by an abrupt rise in viscosity and an elastic response to stress. For preparation of aerogels, the gelation is most conveniently induced through a change in the pH of the reaction solution. The mechanical state of the gel depends very much upon the number of cross-links in the network. It is obvious that the greater the degree of cross-linking, the more rigid the structure formed.
Chemistry of Sol-Gel Process.
There are several parameters which influence the hydrolysis and condensation reactions (sol-gel process), including the activity of the metal alkoxide, the water/alkoxide ratio, solution pH, temperature, nature of the solvent, and additive used. Another consideration is that catalysts are frequently added to control the rate and the extent of hydrolysis and condensation reactions. By varying these processing parameters, materials with different microstructures and surface chemistry can be obtained. Further processing of the "sol" enables the fabrication ceramic materials in different forms. Thin films can be produced on a piece of substrate by spin coating or dip-coating. When the "sol" is cast into a mold, a wet "gel" will form. With further drying and heat-treatment, the "gel" is converted into dense ceramic or glass particles. If the liquid in a wet "gel" is removed under supercritical conditions, a highly porous and extremely low-density material called an "aerogel" is obtained. The evidence of silicate hydrolysis and condensation to form polysilicate gel and particles is seen in many natural systems like opals and agates [18] . The first metal alkoxide was prepared from SiCl 4 and alcohol by Ebelmen, who found that the compound gelled on exposure to the atmosphere and Si-(OC 2 H 5 ) 4 can therefore be regarded as the first "Precursor" for glassy materials [19] .
Precursors for Sol-Gel Processing.
The precursor is nothing but the starting materials for the sol-gel process.
(1) Precursors should be soluble in the reaction media.
(2) They should be reactive enough to participate in the gel forming process [20] .
Some salts, oxides, hydroxides, complexes, alkoxides, acylates, and amines are used as precursors if soluble in proper solvents [21, 22] . Alkoxides are the most common sol-gel precursor, since they are commonly available. Bradley et al.
have well explained the basic chemistry of the precursor [23] . It is very difficult to predict the type of precursor to be used for a given purpose. The reactivity of precursor does not depend only on its chemical nature but also on the applied reaction condition [24] . Compared to the precursors of other element, the network forming power of Si is more to build up a gel [18] . That is why other expensive alkoxide precursors can be substituted by cheaper ones like silicon alkoxide such as TEOS, TMOS, and water-soluble precursor such as Na 2 SiO 3 for sol-gel processing.
Hydrophobic aerogels obtained from the precursor without surface chemical modification are called hydrophobic precursors, and that of hydrophilic are called hydrophilic precursor as provided in Table 1 
Water Soluble Silicates and Minerals.
Sodium silicate (Na 2 SiO 3 ) has been and probably will always be the cheapest source of relatively pure silicic acid from which silica gel can be made. Sodium silicate reacts with water to give silicic acid and then the silicic acid polymerizes and forms silica gel as shown in the following reactions:
The silicic acid condenses to form small silica particles, chains and consequently forms a network resulting in a silica gel as shown below.
Further, there are some reports available on preparation of silica gels using aluminosilicates, calcium silicates, wollestonite, and so forth [27] [28] [29] .
It is evident from reactions (2)- (5) that the structure of sol-gel glasses evolves sequentially as the product of successive hydrolysis and condensation reactions (and reverse reactions, i.e., esterification and alcoholic or hydrolytic depolymerization) [15] . Thus, knowledge of mechanisms and kinetics of these reactions will provide insight into the gels and gel-derived glasses.
The hydrolysis reaction is catalyzed by the addition of an acid or a base [29] . In fact, the final form of hydrolyzed silica depends on the pH of the solution. At low pH levels (highly acidic), the silica particle tends to form a linear chain with low crosslink density. This leads to a soft gel, which is reversible and can be redispersed in solution. As the pH value increases, the number of cross-links between the polymer chains also increases. At high pH (highly basic), the polymers become more branched and the number of cross-links increases. At low pH, hydrolysis occurs by electrophilic attack on the oxygen atom of the alkoxide group, whereas at higher pH, hydrolysis and polymerization occur by nucleophilic attack on the Si ion (Si 4+ ). Atoms, ions, or groups which have a strong affinity for electrons are termed electrophiles, while positive ions are termed nucleophiles. In general, all electrophiles are oxidizing agents and all nucleophiles are reducing agents.
It is generally found that the process of gelation proceeds with smaller segments dissolving and redepositing onto the larger chains so that the smaller molecules decrease in number but assist the larger molecules to grow until they form fractal aggregates. This process is called Ostwald ripening [30] .
Hydrophilic and Hydrophobic Surfaces.
The names hydrophobic and hydrophilic arise from the combination of "hydro", meaning water in Greek means, "phobos" meaning "hating" in Greek, and "philic" meaning "loving" in Greek. These terms describe the apparent repulsion and attraction between water and surfaces. As shown in Figure 1 , hydrophilicity or hydrophobicity is distinguished from the value of contact angle: smaller or larger than 90
• .
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Journal of Nanomaterials (i) Aerogels-opaque. (ii) Density <0.1 g/cm 3 .
(ii) Density >0.1 g/cm 3 . (iii) Hard & Brittle.
(iii) Soft and flexible.
When the surface energy of the solid is low it repels the water from its surface and vice versa, showing hydrophobicity or hydrophilicity. Currently, hydrophobic surfaces are used in industry for a variety of applications including hydrophobic coatings for rust prevention, oil removal from water, management of oil spills, and chemical separation processes to separate non-polar and polar compounds. For synthesis of hydrophobic and hydrophilic aerogels, two main steps are involved: (a) synthesis of alcogel by sol-gel process and (b) drying of the alcogel by various techniques.
Drying of Alcogel
After gel formation by hydrolysis and condensation reactions, an Si-O-Si network is formed. The term aging refers to the strengthening of the gel network; it may involve further condensation, dissolution, and reprecipitation of the sol particles or phase transformations within the solid or liquid phases. This results in a porous solid in which the solvent is trapped. The process of removing the majority solvent from the gel (which in the case of an alkoxide-derived gel is mainly alcohol and water) is called drying. During the drying process, cracking of the gel network occurs due to capillary forces that set up in the fine pores by the liquidvapour interfaces. The Laplace equation applies in this case, as the smaller the capillary radius is, the higher the liquid will rise, or the higher the hydrostatic pressure will be. Since this surface energy is responsible for the rise of a column of liquid in a capillary, the magnitude of an interfacial pressure within a capillary can be calculated by balancing the static forces that is,
The diameters of the pores in the gel are on the order of nanometers, so that the gel liquid must exert highhydrostatic pressure. The meniscus in the pores and the surface tension forces try to pull the particles together as the liquid in the pores evaporates. These forces can act in such a way that they try to collapse the pores, and hence the structure. Thus, the gels with very fine pores have a tendency to crack and shrink during drying. To avoid this drying stress, Kistler described the first synthesis of an aerogel by supercritical drying in the early 1930s [31] , and various aerogel synthesis processes have been reported since. In the 1970s, silica aerogels were synthesized by high temperature supercritical drying of a wet gel produced by the hydrolysis of TMOS in methanol [32] . In the 1980s, researchers gained a new understanding of the potential of aerogels, and TEOSbased silica aerogels, whose synthesis was less expensive and used fewer toxic sources compared to TMOS-based aerogels, were developed. The low-temperature supercritical drying technique, which uses liquid carbon dioxide, was introduced at the same time [33] .
Supercritical Drying of the Alcogel.
In supercritical drying methods, gels are dried at a critical point to eliminate the capillary forces, as described below. As soon as the liquid begins to evaporate from the gel, surface tension creates concave menisci in the pores of the gel. As the evaporation of the liquid continues, compressive forces build up around the perimeter of the pore and it contracts. Eventually, surface tension causes the collapse of the gel body [34] . In order to prevent the surface tension from building up, the gel is dried supercritically in an autoclave, as shown in Figure 2 . When the temperature and the pressure in the autoclave are increased above a critical point (for methanol the critical temperature and the critical pressure values are 243
• C and 7.9 MPa, resp.), the liquid is transformed into a "supercritical" fluid in which every molecule can move about freely and the surface tension ceases. Without surface tension, menisci do not form. The vapours are then slowly released from the autoclave, until the pressure in the autoclave reaches atmospheric pressure. Finally, the autoclave is flushed with dry nitrogen (∼3 bar) in order to remove the trapped solvent molecules from the Journal of Nanomaterials dried gel. This method of drying of the alcogels is referred to as "supercritical drying". Figure 3 shows the pressuretemperature cycles followed during the supercritical drying of the alcogels.
Ambient Pressure Drying and Surface Chemical Modification.
Traditionally, silica aerogels have been synthesized using supercritical drying methods, but this has certain limitations in terms of its cost efficiency, process continuity, and safety because a high-temperature and pressure are needed to approach the critical point. If liquid carbon dioxide were used as a solvent in the low-temperature supercritical drying process, the chemical durability of the aerogels in the atmosphere would be gradually decreased, since the aerogel particles are hydrophilic. To overcome these problems, Brinker introduced a commercially attractive ambient pressure drying method for the production of silica aerogel [35] . In this process, the surface of the wet gel is chemically modified by substituting hydrophobic functional groups by replacement of H from hydroxyl groups followed by ambient pressure drying. Surface silanol groups (Si-OH) on the adjacent silica cluster undergo condensation reactions resulting in an irreversible shrinkage of the gel network during drying, as shown in Figure 4 . This process can create surfaces with extremely low energies, which dramatically reduce surface tension. Therefore, it is necessary to modify alcogel surfaces with appropriate modifying agents, so that the surface of the aerogel is rendered hydrophobic.
There are several substances capable of altering the wetting properties of the surface, that is, hydrophobic reagents. These include methyltrimethoxysilane (MTMS), hexamethyldisilazane (HMDZ), dimethylchlorosilane (DMCS), dimethyldichlorosilane (DMDC), trimethylchlorosilane (TMCS), trimethylethoxysilane (TMES), and hexadecyltrimethoxysilane (HDTMS). Surface modification of the gels through the replacement of H from Si-OH by non-polar alkyl or aryl groups is a crucial step in the ambient pressure drying method. That prevents condensation reactions of silica clusters, and, by extension, prevents shrinkage of the gel during drying. Since ambient pressure drying can reduce the production cost of the aerogels, their importance has changed from an area of purely scientific interest in to one of practical usage.
Freeze Drying.
Another possibility to avoid phase boundaries between the liquid and the gas phase during drying is freeze drying. The pore liquid is frozen and then sublimed in vacuo. There were some attempts to use this method for the production of aerogels [36] [37] [38] . However, the aging period must be extended to stabilize the gel network, the solvent must be replaced by one with a low expansion coefficient and a high sublimation pressure, and low freezing temperatures are attained by addition of salts. Another disadvantage is that the network may be destroyed by crystallization of the solvent in the pores. Cryogels are therefore only obtained as powders.
Aerogel Properties and Applications
Aerogels have some unique properties which makes them attractive in science and technology, as given in Table 2 . Due to these unique properties, aerogels are used for various applications as mentioned in Table 3 , and some recent applications are as briefly discussed below.
Aerogel as a Composite.
As silicon alkoxide precursor is reactive enough to form gel networks with other metal oxides, several studies were carried out to synthesized silica aerogel composites for various applications. Structural and magnetic properties of silica aerogel-iron oxide nanocomposites were studied by Casas et al. [39, 40] . Figure 5 shows a silica-titania aerogel composite synthesized via Dielectric constant
∼1.1
Sound velocity 100 m/s ambient pressure drying. There are several reports which describe synthesis of silica-titania [41] , silica-carbon, silica and alumina microfibers, [42] or activated carbon powder [43] composite aerogels.
Aerogel as an Absorbent.
Synthesis of flexible and super hydrophobic aerogels and their use in absorption of organic solvents and oils were studied by A. Venkateshwara Rao et al. [44, 45] . They investigated the absorption and desorption capacity of super hydrophobic silica aerogels using eleven solvents and three oils. Figure 6 shows various stages of absorption and desorption of organic liquids from the aerogel. The mass (m) of a liquid that rises into the capillaries (aerogel pores) is given by the following formula:
For liquids that completely wet the surface, the contact angle θ is zero and for such surfaces:
or
where r is the radius of the aerogel pores, V is the volume of the liquid absorbed, ρ is the density of the liquid and k = g/2πr is a constant for the given aerogel sample. Therefore, it follows from (10) that the mass of the liquid absorbed increases linearly with an increase in the surface tension of the liquid. Elastic superhydrophobic MTMS aerogels were found to be effective and efficient absorbents of oils and organic liquids.
Aerogel as a Sensor.
Aerogels have high overall porosity, good pore accessibility, and high surface active sites. They are therefore potential candidates for use as sensors. A study by Wang et al. [46] on silica nanoparticle aerogel thin films showed that their electrical resistance markedly decreases with increasing humidity. They are highly sensitive to 40% RH and greater and operate with a 3.3% hysteresis, which is attributed to their pore structure. Xerogels of the same material, on the other hand, show very low sensitivity. Surface modified aerogels are less affected by humidity as compared to hydrophilic aerogels and can be used as anticorrosive, hydrophobic agents, as shown in Figure 7 [47]. Wub and Chen-yang [48] studied aerogels for biosensor applications. In this study, mesoporous aerogels were prepared at room temperature by sol-gel polymerization with an ionic liquid as the solvent and pore-forming agent. The asprepared aerogel was characterized by different instruments and was found to have high porosity and large internal networking surface area. The as-prepared aerogel was further arrayed onto slides and successfully recognized a short human gene ATP5O by an immobilized oligonucleotide probe on the aerogel surface, as shown in Figure 8 . The large capturing capacity of the porous structure was also demonstrated by comparing with a planar surface at high target concentrations. The results indicate that the asprepared aerogel can function as a recognition substrate for nucleotide acids. This report proposes a preparation technique to synthesize mesoporous aerogel using the solgel process and utilize the aerogel's high surface area and large internal porous volume for molecular recognition of nucleotide acids.
Aerogel as Material with
Low-Dielectric Constant. SiO 2 aerogel thin films have received a significant attention in IC applications because of their unique properties such as their ultralow dielectric constants, high porosity, and high thermal stability. Park et al. investigated silica aerogel thin films for interlayer dielectrics, and the dielectric constant was measured to be approximately 1.9 [48] [49] [50] [51] [52] . They produced ultra low dielectric constant aerogel films for intermetal dielectric (IMD) materials. The SiO 2 aerogel films having a thickness of 9500Å, a high porosity of 79.5%, and a low dielectric constant of 2.0 were obtained by a new ambient drying process using n-heptane as a drying solvent.
Aerogel as Catalysts.
The high surface area of aerogels leads to many applications, such as a chemical absorber for cleaning up spills. This feature also gives it a great potential as a catalyst or a catalyst carrier. Aerogels aid in heterogeneous catalysis, when the reactants are either in gas or liquid phase. They are characterized by very high surface area per unit mass, high porosity which makes them a very attractive option for catalysis. Some of the reactions catalyzed by aerogels are listed below.
Some Examples of Aerogels in Catalysis.
(1) Synthesis of nitrile from hydrocarbons using nitric oxide (NO) [53] .
(2) Isobutene can be converted into methacrylonitrile by reacting it with NO on zinc oxide aerogel [54] . (3) Synthesis of methanol from CO using copper zirconia aerogel [55] .
Aerogel as a Storage Media.
The high porosity and very large surface area of silica aerogels can also be utilized for 8
Journal of Nanomaterials applications as gas filters, absorbing media for desiccation and waste containment, encapsulation media, and hydrogen fuel storage [54] . Partially sintered aerogels can resist the tensions of a gas/liquid interface because their texture is strengthened during sintering. They can therefore be used for the storage, thickening, or transport of liquids, for example, rocket fuels. In the latter case, the low weight of aerogels is particularly advantageous. Aerogel can be used in drug delivery systems due to their biocompatibility [56] [57] [58] . Carbon aerogels are used in the construction of small electrochemical double-layer supercapacitors. Due to the high surface area of the aerogel, these capacitors can be 1/2000th to 1/5000th the size of similarly rated electrolytic capacitors [59] . Aerogel supercapacitors can have very low impedance compared to normal supercapacitors and can absorb or produce very high-peak currents. At present, such capacitors are polarity-sensitive and need to be wired in series if a working voltage of greater than about 2.75 V is needed. [60] . Hupp et al. used silica aerogel films for dye sensitized solar cells. High surface area mesoporous aerogel films were prepared on conductive glass substrates. Atomic layer deposition was employed to coat the aerogel template conformally with various thicknesses of TiO 2 with subnanometer precision. The TiO 2 -coated aerogel membranes were incorporated as photoanodes in dye-sensitized solar cells. The charge diffusion length was found to increase with increasing thickness of TiO 2 leading to increasing current and efficiency.
Aerogel as a Template

Aerogel as a Thermal Insulator.
Apart from high porosity and low-density one of the most fascinating properties of aerogels is their very low thermal conductivity. Aerogels possess a very small thermal conductivity, ∼1-10% that of a solid, additionally, they consist of very small particles linked in a 3-dimensional network with many "dead-ends". Therefore, thermal transport through the solid portion of an aerogel occurs through a very tortuous path and is not particularly effective. The space not occupied by solids in an aerogel is normally filled with air (or another gas) unless the material is sealed under vacuum. These gases can also transport thermal energy through the aerogel. The pores of aerogel are open and allow the passage of gas (albeit with difficulty) through the material.
In Housing, Refrigerators, Skylights, and Windows.
Silica aerogels can be synthesized using low cost precursors at ambient pressure which makes aerogels suitable for commercialization. Aerogels transmit heat only one hundredth as well as normal density glass. The first residential use of aerogels is as an insulator in the Georgia Institute of Technology's Solar Decathlon House, where it is used as an insulator in the semitransparent roof. Aerogels are a more efficient, low-density form of insulation than the polyurethane foam currently used to insulate refrigerators, refrigerated vehicles, and containers. Foams are blown into refrigerator walls by chlorofluorocarbon (CFC) propellants, the chemical that is the chief cause of the depletion of the earth's stratospheric ozone layer. Replacing chlorofluorocarbon-propelled refrigerant foams with aerogels could help eliminate this problem.
4.8.2.
In Clothing, Apparel, and Blankets. Commercial manufacture of aerogel "blankets" began around the year 2000. An aerogel blanket is a composite of silica aerogel and fibrous reinforcement that turns the brittle aerogel into a durable and flexible material. The mechanical and thermal properties of the product may be varied based upon the choice of reinforcing fibers, the aerogel matrix, and pacification additives included in the composite. Aspen Aerogels Inc. of Marlborough, Massachusetts has produced a Spaceloft product, an inexpensive and flexible blanket that incorporates a thin layer of aerogel embedded directly into the fabric. Another type of aerogels is organic, which is made of carbon and hydrogen atoms. Mount Everest climbers have used Aerogel insoles, as well as sleeping bags lined with the material.
In Space.
NASA used aerogels to trap space dust particles aboard the Stardust spacecraft. The particles vaporize on impact with solids and pass through gases, but can be trapped in aerogels. NASA also used aerogel for thermal insulation of the Mars Rover and space suits [61, 62] . The US Navy is evaluating aerogel undergarments as passive thermal protection for divers [63] .
Future Perspectives
The unique optical, thermal, acoustic, and mechanical properties of aerogels originate from the combination of a solid network and nanosized pores filled with air. The choice of the precursors and the optimization of sol-gel parameters determine the physical properties of the final aerogel product. Drying of the alcogels is carried out with supercritical or ambient pressure drying methods, depending upon the commercial aerogel application. An extensive chemical modification provides a new space for studying the property of aerogels. Ambient pressure drying techniques will probably make industrial preparation much cheaper and will thus make aerogels more competitive. The most important area for the application of aerogels is in all kinds of thermal insulation. Also, SiO 2 aerogels have some physical and ecological advantages (nontoxic, nonflammable, easy to dispose of) compared with most of other materials in the market.
